Abstract: The behaviours of as-received and recrystallised (homogenised) MA 956, an Al-containing Cr-rich ferritic stainless steel, aged at 475 "C for up to 2900 hours have been investigated. Atom probe microanalysis of the decomposition products revealed that A1 did not partition significantly to the Fe-rich phase after =600 hours ageing, contrary to thermodynamic predictions. Ageing to 2900 hours, however, resulted in partitioning. Further thermodynamic analysis showed that the chemical potential of A1 in the Cr-rich a' phase increased more rapidly at later stages of phase separation. The wavelength and amplitude of decomposition were found to be significantly larger in aged as-received material compared to aged homogenised material, consistent with coarsening accelerated by the enhanced solute mobilities associated with the highly-dislocated as-received material. Ti-and Si-rich precipitates were found at the ala' interfaces at later stages of ageing.
INTRODUCTION
The hardening of binary Fe-Cr alloys during ageing at low temperatures (so-called '475 "C embrittlement') has been shown, by atom probe field ion microscopy (APFIM), to be due to the spinodal decomposition of the supersaturated solid solution into Fe-rich a and Cr-rich a' phases [I] . Additionally, it has been shown that similar decomposition occurs in the Cr-enriched ferritic phase of duplex stainless steels and in singlephase Fe-Cr based ternary and higher order alloys [2- 141. The addition of alloying elements (Co, Ni, Si, Mo) to the binary Fe-Cr system has been shown to affect the kinetics and products of the decomposition process [2-141. These alloying elements themselves partition preferentially between the a and a' phases, as the decomposition reaction proceeds. The driving force for their partitioning arises from the reduction in the free energy of the system. However, it has been shown recently [IS] that A1 does not appear to partition preferentially to the Fe-rich a phase, as predicted thermodynamically, during ageing of up to =600 hours at 475 "C of MA 956, an Al-containing Cr-rich oxide-dispersion-strengthened (ODS) ferritic stainless steel produced by mechanical alloying. In the as-received state, the microstructure is characterised by all the features of cold-deformation: ultrafine (sub-micrometer) convoluted grains elongated in the working direction (=0.2 x 4 pm) and a high dislocation density [16] . Subsequent heat-treatment of as-received material leads to primary recrystallisation, producing a very coarse-grained microstructure (=2 x >40 mrn) similar to that of a directionally-recrystallised microstructure. The aims of this work were to investigate the partitioning behaviour of Al during phase separation of MA 956 when the a and a' domains are expected to be in thermodynamic equilibrium and to investigate the effects of microstructure on the decomposition process.
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EXPERIMENTAL
The alloy, of nominal composition Fe-20Cr-4.5A1-0.5Ti-0.01C-0.5Y~0~ (wt.%) or Fe-20.2Cr-8.8A1-0.55Ti-0.044C (at.%, ignoring Y2O3 addition), was supplied by INCO Alloys (Hereford, UK) in an unrecrystallised (as-received) state. It was fabricated by mechanical alloying of three primary powders (elemental iron, pre-alloyed metallic alloys and yttria) in a vertical water-cooled attritor. Consolidation of the resultant alloy powder was by canned extrusion at 1000 "C and subsequent rolling.
Material for examination was machined from the core region of the as-received bar. Homogenisation treatment of 24 hours at 1300 "C resulted in full recrystallisation. Subsequent isothermal ageing at 475 "C was conducted for as-received and for homogenised material for times between 1 and 2900 hours. The final heat treatment was terminated by iced-water quench. Specimens for APFIM analysis were prepared by standard two-stage eletropolishing of blanks (15 x 0.23 x 0.23 mm) machined from the core of the bulk heat-treated specimens, parallel to the extrusion direction [15] .
The atom probe characterisations were performed using a reflectron-based time-of-flight atom probe (Applied Microscopy Ltd. APFIM 220 [17] ) equipped with a position-sensitive detector (PSD) (Kindbrisk Ltd. PDA60lL [18]) for position-sensitive atom probe (PoSAP) analysis. Atom probe analysis was conducted between temperatures of 50 and 80 K, employing a pulse fraction of 20% at a pulse repetition rate of 200 Hz. PoSAP analysis was conducted at 30 K, at a pressure 17x10-9 Pa, at a pulse fraction of 15% and a pulse repetition rate of 200 Hz. Hydrogen was not gated from detection so incorrect positioning of second ions was discarded. In the atom probe mass spectra, the peak at m / n = 25.0 was assigned to 5 0~r 2 + since the natural isotopic abundance of 'OT~" is small (5.34 at.%). The peak at m / n = 27.0 was assigned to 5 4~e 2 c since the natural isotopic abundance of 5 4~r Z c is small (2.38 at.%) and Al was deemed to evaporate as 2 7~1 2 c and 27A13+ only. Silicon was deemed to evaporate as Si2+ only; hydrides of Al were ignored. All compositions quoted are in at.%. Table 1 shows the compositions of the equilibrium Fe-rich and Cr-rich phases at 475 "C, calculated employing the Fe and Scientific Group Thermodata Europe (SGTE) solution databases in ThermoCalc [I91 and considering the equilibrium between a and a' only. The miscibility gap in the Fe-Cr binary system was defined and employs the thermodynamic description due to Andersson and Sundman [20] . The solvus temperature for MA 956 is calculated as 764 "C and 548 "C, employing the Fe and SGTE solution databases respectively. APFIM analysis of material aged at 560 "C for ~7 2 0 0 hours did not show evidence of phase separation (contrary to predictions employing the Fe database) and thus, the results calculated employing the SGTE solution database are potentially more reliable. It is seen that Al and Ti are predicted to partition strongly to the a phase. 
RESULTS

Thermodynamic analysis
APFIM analysis
Composition depth profiles for aged recrystallised material are shown in Figure 1 . The Cr composition depth profiles for aged materials clearly show the formation of the two-phase a+a' microstructure.
Compositional analysis of the two phases formed on ageing both the recrystallised and the as-received material, as delineated from Cr ladder diagrams, is shown in Table 2 . The mole fraction V: of the Cr-rich a' phase was determined from the compositional data. Note that the overall Cr and A1 contents differ slightly from the nominal for material aged 598 hours, possibly as a result of preferential evaporation effects at the compromised temperature of analysis. The composition depth profiles for recrystallised material aged for 2900 hours (Figure 1 ) additionally reveal the presence of Ti-and Si-enriched particles, the measured compositions of which are shown in Table 3 . Similar particles were found in as-received material aged for 2900 hours. No such particles were detected after 598 hours ageing in either recrystallised nor as-received material. The precipitates are apparently located at the interface between the Fe-rich a and Cr-rich a' phases. 
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DISCUSSION
APFIM analysis of phase-separated MA 956 revealed insignificant partitioning of A1 after ageing recrystallised material for 598 hours at 475 "C. Ageing to 2900 hours was accompanied by partitioning of Al to the Fe-rich a phase. Figure 3 shows the chemical potential , L L~ of A1 in the Cr-rich a' phase as a function of Cr partitioning only, employing thermodynamic data from the SGTE solution database [19] . It is seen that ,uZ increases more rapidly when Ac 2 0.25, consistent with the observation of insignificant partitioning of A1 after ageing at 475 "C for 598 hours when Ac = 0.25. Thus, it appears that the partitioning of A1 commences when there exists a sufficient driving force i.e. at later stages of phaseseparation when the chemical potential of Al in the two phases is sufficiently different. This contrasts with the behaviours of Co and Ni: Co was observed to have partitioned at all stages of decomposition in Fe-CrCo alloys [4, 6] while Ni was observed to have partitioned significantly in Fe-45Cr-5Ni (at.%) after ageing for 500 hours at 500 "C [13] , presumably since their driving forces for partitioning are sufficiently high at these stages of decomposition. The wavelength and amplitude of decomposition were found to be significantly larger in aged as-received material compared to aged homogenised material, consistent with coarsening accelerated by the enhanced solute mobilities associated with the highly-dislocated as-received material. The Ti-and Si-rich precipitates apparently form in a similar manner to G-phase precipitates (model based on Ni16Si7Ti6 and in which Cr, Fe, Mo, Mn, V, Nb, Ta, Hf and Zr may substitute for Ti and Ni) found during ageing of supersaturated Fe-Cr based ferrites [5, 8, . Note that MA 956, however, is a Ni-free alloy. G-phase precipitates form at the ala' interfaces at later stages of decomposition. Further analysis of the precipitates in MA 956 is on-going.
CONCLUSIONS
Phase separation during ageing of MA 956 at 475 "C resulted in the formation of Fe-rich a and Cr-rich a'
domains. Insignificant partitioning of A1 to the Fe-rich phase was observed after ageing for 598 hours, contrary to thermodynamic predictions. Ageing for 2900 hours resulted in coarsening of the microstructure, increased amplitude of decomposition and Al partitioning. Thermodynamic data showed that the chemical potential of A1 in the Cr-rich a' phase increased more rapidly for later stages of phase separation: Al only partitions when a sufficient driving force arises as a result of phase decomposition of Cr in Fe. The partitioning behaviour of A1 contrasts with those of Co and Ni in Fe-Cr based alloys. The wavelength and amplitude of decomposition were found to be significantly larger in aged as-received material compared to aged homogenised material. Ti-and Si-rich precipitates were found at the &a' interfaces at later stages of ageing.
